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Non-canonical Wnt signalingr mechanisms regulating cell ingression, epithelial–mesenchymal transition and
migration movements during amniote gastrulation is steadily improving. In the frog and ﬁsh embryo,
Wnt5 and Wnt11 ligands are expressed around the blastopore and play an important role in regulating cell
movements associated with gastrulation. In the chicken embryo, although Wnt5a and Wnt5b are
expressed in the primitive streak, the known Wnt11 gene is expressed in paraxial and intermediate
mesoderm, and in differentiated myocardial cells, but not in the streak. Here, we identify a previously
uncharacterized chicken Wnt11 gene, Wnt11b, that is orthologous to the frog Wnt11 and zebraﬁsh Wnt11
(silberblick) genes. Chicken Wnt11b is expressed in the primitive streak in a pattern similar to chicken
Wnt5a and Wnt5b. When non-canonical Wnt signaling is blocked using a Dishevelled dominant-negative
protein, gastrulation movements are inhibited and cells accumulate in the primitive streak. Furthermore,
disruption of non-canonical Wnt signaling by overexpression of full-length or dominant-negative Wnt11b
or Wnt5a constructions abrogates normal cell migration through the primitive streak. We conclude that
non-canonical Wnt signaling, mediated in part by Wnt11b, is important for regulation of gastrulation cell
movements in the avian embryo.
© 2008 Elsevier Inc. All rights reserved.IntroductionGastrulation is a key event in early embryonic development during
which the three primary germ layers are formed and the body plan is
established. In amniotes, epiblast cells ingress at a midline structure
known as the primitive streak, undergoing an epithelial–mesenchymal
transition (EMT) and migrating ventrally and laterally to form the
endoderm and mesoderm (Lawson and Schoenwolf, 2003; Stern,
2004). Cells remaining in the epiblast become the ectoderm and
central nervous system. Simultaneous with ingression movements,
intercalation and convergent extension movements in the epiblast
reshape the embryo along the anterior–posterior, dorsal–ventral and
medial–lateral axes (Chuai et al., 2006; Lawson and Schoenwolf, 2001;
Voiculescu et al., 2007).
Cell fate and speciﬁcation maps, plus experimental analyses, have
provided an increasingly detailed understanding of themorphogenetic
movements and inductive events underlying formation of the avian
primitive streak (Hatada and Stern, 1994; Lawson and Schoenwolf,nd Anatomy, Medical Research
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2001; Stern, 2004). Recently, it has been shown that primitive streak
formation results from combined convergent extension and intercala-
tion movements within the epiblast, and that these activities require
non-canonical Wnt signaling through the planar-cell-polarity (PCP)
pathway (Voiculescu et al., 2007). Canonical Wnt signaling through
Wnt3 and Wnt8c also plays prominent roles in primitive streak
induction in birds andmammals, lying downstreamof the FGFandVg1
signaling pathways (Ciruna and Rossant, 2001; Liu et al., 1999;
Skromne and Stern, 2001). A limited number of genetic studies have
identiﬁed molecules important in mammalian streak morphogenesis,
including Fgf8 (Sun et al., 1999), FgfR1(Ciruna and Rossant, 2001),
RhoA (Fuse et al., 2004) and Shp2 (Saxton and Pawson, 1999).
In contrast to amniotes in which cells ingress and individually
undergo a true EMT, germ layer formation in amphibians involves the
involution of a contiguous sheet of cells through the blastopore (Keller
et al., 2000). In Xenopus, Wnt signaling via the non-canonical/PCP
pathway plays an important role in regulating amphibian gastrulation,
as inhibition of Dishevelled-mediated non-canonical Wnt function
disrupts convergent extension cell movements (Rothbacher et al.,
2000; Sokol, 1996; Wallingford and Harland, 2001; Wallingford et al.,
2000). The non-canonical Wnt11 and Wnt5a ligands are expressed
around the blastopore lip during gastrulation in Xenopus (Ku and
Melton,1993;Moon et al., 1993; Tada and Smith, 2000), and their roles
in regulating convergent extension movements in both frog and ﬁsh
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Wnt11 function with a dominant-negative construction impairs con-
vergent extension in intact embryos and in activin-induced animal cap
assays (Tada and Smith, 2000). Similarly, the zebraﬁsh silberblick (slb)
mutant, which lacks Wnt11 activity, fails to undergo correct con-
vergent extension movements (Heisenberg et al., 2000). A second
zebraﬁsh mutant known as pipetail (ppt; mapping to Wnt5) shows
defective elongation and convergent extension cell movements at the
posterior of the embryo (Kilian et al., 2003; Rauch et al., 1997). The slb/
ppt (Wnt11/Wnt5) double mutant exhibits a more severe convergent
extension defect than either single mutant alone, and overexpression
of either Wnt11 or Wnt5a in Xenopus causes similar convergent ex-
tension defects (Djiane et al., 2000; Du et al., 1995; Kilian et al., 2003;
Moon et al., 1993). These results indicate that normal cell migration
during frog and ﬁsh gastrulation requires tight regulation of Wnt11
and Wnt5a activity levels.
For avian embryos, relatively little information is available
regarding the regulation of cell ingression, EMT and migration
movements during gastrulation. By the time the primitive streak has
fully elongated, the majority of endodermal cells have already
ingressed and so it is largely the formation of the mesoderm that is
determined during later stages of gastrulation (Hatada and Stern,
1994; Kimura et al., 2006; Lawson and Schoenwolf, 2003). Although
non-canonical Wnt signaling has recently been implicated in regulat-
ing the cell intercalation event that promotes initial formation of the
primitive streak (Voiculescu et al., 2007), Wnt signaling has not been
linked to cell ingression and migration movements associated with
mesoderm formation.
In this study, we identify a novel chicken Wnt11 gene (Wnt11b),
which unlike the originally described chicken Wnt11 gene, is ex-
pressed within and surrounding the primitive streak. This pattern is
similar to that of the chicken Wnt5a and Wnt5b genes. Based upon
primary sequence conservation, synteny and temporospatial expres-
sion, Wnt11b is the ortholog of the Wnt11 gene in frog and ﬁsh. To
address the functional roles of Wnt11b- and Wnt5-signaling in re-
gulating cell migration during avian gastrulation, we have carried out
a series of loss and gain of function experiments. Inhibition of non-
canonical Wnt signaling in general, and inhibition or overexpression
of Wnt5a and Wnt11b speciﬁcally, result in disruption of normal cell
migration from the primitive streak to themesoderm. This study is the
ﬁrst to describe an essential requirement for non-canonical Wnt
signaling in cell migration during gastrulation in amniotes, consistent
with its known function in frog and ﬁsh.
Materials and methods
Identiﬁcation of chicken Wnt11b and genomic analysis
Chicken Wnt11b was identiﬁed by searching the chicken genome for sequences
similar to Xenopus laevisWnt11 (Accession number NM_001090858). The entire coding
region of chickenWnt11bwas PCR-ampliﬁed using Pfu polymerase (Stratagene, La Jolla,
CA), cloned into the EcoRV site of pBS SK+ and the nucleotide sequence determined
(Accession number EU693243). Gene synteny was determined using Ensembl (www.
ensembl.org). The evolutionary tree was produced using MacVector software by a
comparison of peptide sequence, excluding the highly variable signal sequence.
In situ hybridization
Fertile chicken eggs (Gallus gallus) were obtained from Hy-Line International
(Spencer, IA), and fertile quail eggs were obtained from Strickland Game Bird Farm
Inc (Pooler, GA). Eggs were incubated in a humid chamber at 38°C until embryos
reached desired stages in the Hamburger and Hamilton (HH) staging series
(Hamburger and Hamilton, 1951). In situ hybridizations were carried out essentially
according to Nieto et al, but with minor modiﬁcations (Antin et al., 2002; Nieto et al.,
1996). Antisense digoxigenin-labeled probe was generated for Wnt11b by lineariza-
tion with XhoI and transcription with T3 RNA polymerase (Roche). Wnt5a (Accession
# AB006014) and Wnt5b (Accession # AY753289) templates were prepared by
linearizing with EcoRI and transcribing with T3 polymerase. The Wnt11 probe was
derived from a clone in the GEISHA database that encompasses the entire open
reading frame (Bell et al., 2004), and was generated by linearizing with XbaI and
transcribing with SP6 polymerase. The Brachyury (Accession # NM_204940) templatewas prepared by linearizing with HindIII and transcribing with T3 polymerase. For
cross-sections, embryos were dehydrated in a graded methanol series, embedded in
Paraplast and serial sectioned at 10μm.
Experimental constructions
The dominant-negative Dishevelled construction XdshΔPDZ (originally described
as deletion D2 in Rothbacher et al., 2000) lacks the PDZ domain (Wallingford et al.,
2000). XdshΔPDZ was PCR ampliﬁed to carry a C-terminal FLAG tag and was ligated in
place of GFP in the chicken pBE expression vector (Colas and Schoenwolf, 2003). All
other constructions were PCR ampliﬁed from HH4 chicken cDNA and cloned in place of
GFP in the pBE expression vector. Dominant-negativeWnt11b andWnt5a constructions
were prepared by removal of the C-terminal region of the protein analogous to that
described for XWnt11 (Tada and Smith, 2000). Brieﬂy, fragments were PCR ampliﬁed
with primers designed to truncate the Wnt11b or Wnt5a DNA sequence following
nucleotides corresponding to the peptide SPDYC (Hoppler et al., 1996), such that
dominant-negative Wnt11b (dnWnt11b) retained amino acids 1–280 and dominant-
negative Wnt5a (dnWnt5a) contained amino acids 1–314. Full-length Wnt11b and
Wnt5a constructions (wtWnt11b and wtWnt5a, respectively) comprised the entire
coding regions. All constructions were ﬂanked with a C-terminal FLAG tag upstream of
the Stop codon, except wtWnt5a that carried a C-terminal myc-tag. An activated version
of human β-catenin, ΔN-β-catenin, lacking the N-terminal GSK-3β destabilization
domain (Tetsu and McCormick, 1999) was subcloned into pBE. GFP control experiments
utilized the unmanipulated pBE vector, and RFP expression was from the pCAGGSRFP
vector (Das et al., 2006).
Embryo culture and electroporation
Electroporation was carried out using a variation of the method described by Colas
and Schoenwolf (2003). Quail eggs were incubated at 38°C in a humid environment
until HH3d–4. Embryos were removed from the egg and cultured in modiﬁed New
culture on egg agar plates (New, 1955). Embryos were transferred to a wetted modiﬁed
agar plate containing a suspended tungsten electrode of 0.008″ diameter such that the
primitive streak was aligned over the electrode. New culture rings were one-quarter
ﬁlled with PBS, and DNA (pBE at 2μg/μl plus or minus tagged constructions at 3μg/μl
ﬁnal concentration) plus 0.01% fast green dye (Sigma-Aldrich Corp., St Louis, MO) was
injected under the dorsal side of the embryo (between the epiblast and vitelline
membrane). An upper electrode of silver (0.02″ diameter) was hand held above the
midline of the embryo and partially submerged in the PBS for the period of
electroporation. Electroporations utilized the following conditions: three 400ms pulses
of 4 V spaced 1s apart, on an Intracel TSS20 Ovodyne electroporator. Following
electroporation, PBS was removed and embryos were placed on egg agar plates, then
incubated at 37°C in a cell culture incubator for 7–8 h. Embryos were removed from the
vitelline membrane, then ﬁxed overnight in 4% paraformaldehyde (PFA) in PBS at 4°C.
PFAwas replaced with PBS, and brightﬁeld and GFP ﬂuorescence images were taken on
a Leica MZ16FA stereomicroscope and DFC320 camera.
Immunohistochemistry
Electroporated embryos were processed by dehydration through a graded
methanol series in PBS, then stored overnight at −20°C. Endogenous peroxidases
were quenched in 0.3% hydrogen peroxide (H2O2) in methanol for 15 min, then
rehydrated through graded methanol. Embryos were blocked in 5% normal goat serum
in PBS plus 0.1% Triton X-100 (PBT) for 30–60 min, then incubated overnight at 4°C in a
rabbit anti-GFP antibody (gift of WD Stamer, University of Arizona) diluted in blocking
solution at 1:500. Embryos were washed at room temperature (RT) for 5×1 h in PBT,
then incubated overnight at 4°C in donkey anti-rabbit-HRP (Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA) diluted in blocking solution at 1:500. Following 5×1
h RTwashes and one overnight wash at 4°C in PBT, embryos were incubated at RT in the
dark for 10min in 1× diaminobenzidine (DAB), then in 1× DAB with 0.1% H2O2 until
distinct brown color was observed (typically 3–5min). The expression of recombinant
proteins was veriﬁed with rabbit anti-myc or anti-FLAG antibodies (Cell Signaling
Technology, Inc., Danvers, MA), followed by donkey anti-rabbit-HRP secondary
antibody and DAB reactivity. Because antibodies to the myc and FLAG tags gave more
background than the GFP antibodies, all analyzed embryos were stained for GFP to
ensure consistency in positive cell analyses. Labeled embryos were photographed in
whole-mount, then dehydrated in methanol and embedded in paraplast. Embryos were
sectioned at 10μM, cleared in Histoclear (National Diagnostics USA, Atlanta, GA) and
mounted with Cytoseal-XYL (Richard-Allan Scientiﬁc, Kalamazoo, MI).
Cell analyses
Embryo sections were analyzed and photographed on a Leica LeitzDMRXE compound
microscope with DC500 camera at 40× magniﬁcation. Brieﬂy, analyses started at the
posterior-most region of the primitive streak with observed positive cell staining, then
positive cell localization was tabulated for a region of 60–100μm in an anterior direction.
Cells were counted in epiblast, primitive streak andmesoderm. Epiblast was deﬁned as the
epithelial epiblast layer to the area opaca plus dorsal-most streak cells in contact with
epithelium. Primitive streakwas considered to exclude the dorsal-most cells in contactwith
epithelium and extended lateral to the edge of the ingression zone. Mesodermwas deﬁned
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numbers in each region were counted for each embryo and expressed as a percentage of
total positive cells. The mean and standard error was calculated for each group within
experiments, then any difference compared with the Student's t-test assuming unequal
variances feature of Microsoft Excel. Calculated signiﬁcance levels are reported in individual
ﬁgures.
Results
Identiﬁcation of Wnt11b, a second chicken Wnt11 gene
In gastrulating frog and ﬁsh embryos, Wnt11 is expressed at high
levels in marginal zone cells prior to involution (Ku and Melton, 1993;
Makita et al., 1998; Matsui et al., 2005). In contrast, the mouse and avian
Wnt11 genes are expressed generally throughout the pregastrula embryo,
and later in paraxial mesoderm and somites (Christiansen et al., 1995;
Eisenberg et al., 1997; Kispert et al., 1996; Skromne and Stern, 2001). By
searching the chicken genomic sequence, we identiﬁed a second Wnt11
sequence (Wnt11b) that is distinct from the previously described chicken
Wnt11 gene. The chickenWnt11b coding region is 1056 nucleotides long
and encodes a 351 amino acid preproteinwith a calculatedMWof 38kDa.
Chicken Wnt11 and Wnt11b are 60% identical in amino acid sequence,
excluding the highly variable signal sequence (Fig. 1A). Phylogenetic
analysis of Wnt11 proteins from chicken, frog and ﬁsh where twoWnt11
genes exist reveals a tree with two distinct branches (Fig. 1B). The main
branch, which includes human andmouseWnt11, groups chickenWnt11Fig. 1. A second chickenWnt11 sequence, Wnt11b, is closely related to frog and ﬁsh Wnt11. (A
are blocked. Excluding the signal sequence the proteins are 60% identical. GenBank Accessio
describes the relationships betweenWnt11, Wnt11b andWnt11-R proteins across species. Tr
changes per residue. (C) Synteny map shows conservation of chromosome regions surroun
genome lacks a Wnt11 gene. Orthologous genes share the same symbol. The chromosomal s
the arrow.with frog Wnt11-R and zebraﬁshWnt11-r. The other branch groups the
novel chicken Wnt11b gene with frog and zebraﬁsh Wnt11, indicating
that chicken Wnt11b is closely related to frog and ﬁsh Wnt11.
Comparison of the equivalent regions of the human, chicken and frog
genomes shows that chickenWnt11b is syntenic with Xenopus tropicalis
Wnt11 and conﬁrms that the genes are orthologs (Fig.1C). In contrast, no
Wnt11 gene is present at this location in the human genome despite
strong conservation of synteny for adjacent genes. Since only a single
Wnt11 gene is present in all mammalian genomes examined, we
conclude that Wnt11b was probably lost from the mammalian lineage
sometime after divergence from birds (Hedges and Kumar, 2002).
Wnt11b is expressed at the primitive streak during early development
Expression of chickenWnt11b was examined by in situ hybridization
during early stages of chicken embryo development. Wnt11b transcripts
were ﬁrst detected weakly in the forming primitive streak at Hamburger
and Hamilton stage 2 (HH2) (Fig. 2A), and were maintained during
subsequent streak elongation (HH3; Fig. 2B). At HH4–5, Wnt11b was
strongly expressed throughout the full length of the primitive streak
(Figs. 2C, D) in preingressing epiblast, primitive streak cells and in the
newly emerging mesoderm (Fig. 2C′). When compared toWnt5a/b (Figs.
2M, N), Wnt11bwas not strongly expressed in the extreme caudal region
of the streak. By HH6–7, Wnt11b transcript levels were diminished (Figs.
2E, F) and were undetectable in the primitive streak by HH11 (Fig. 2G).) Alignment of the protein sequences of chickenWnt11 andWnt11b. Identical residues
n number of chicken Wnt11b is EU693243. (B) Phylogenetic analysis of Wnt11 proteins
ee branch lengths are proportional to the evolutionary distance measured by amino acid
ding the frog Wnt11 and chicken Wnt11b genes. The equivalent region of the human
egment shown to the right of Wnt11 is inverted in the Xenopus genome, as indicated by
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able in the primitive streak region of gastrula stage embryos (Fig.
2H). Wnt11 transcripts were ﬁrst detected at HH4–5 in a chevron
pattern in the mesoderm adjacent to the anterior primitive streak
(Figs. 2I, I′). At later stages, Wnt11 expression was retained in this
paraxial mesoderm pattern at the level of the newest forming somite
(Figs. 2J, K). By HH12, Wnt11 transcripts were detected in the
presomitic and intermediate mesoderm, and in the differentiated
heart (Fig. 2L). The onset of Wnt11 expression in the heart coincided
with formation of the primitive heart tube (data not shown). By in
situ hybridization, the non-canonical Wnt5a and Wnt5b ligands
were also detected in the primitive streak (Figs. 2M–O; Chapman et
al., 2004). Similar to Wnt11b, both ligands are expressed in the
preingressing epiblast adjacent to the primitive streak and within
the primitive streak, and are downregulated in emerging mesoderm
cells (Figs. 2M′, O′). BothWnt5a andWnt5b continue to be expressed
in the primitive streak through at least HH11 (Figs. 2M–Q; data not
shown).
Non-canonical Wnt signaling is required for normal cell migration during
avian gastrulation
The Wnt11 and Wnt5 ligands have been shown to regulate cell
movement via non-canonical Wnt signaling pathways during frog and
ﬁsh gastrulation (Heisenberg et al., 2000; Kilian et al., 2003; Smith et
al., 2000; Wallingford et al., 2001). The strong and speciﬁc expression
of non-canonical Wnt ligands (Wnt11b, Wnt5a and Wnt5b) in cells in
and around the avian primitive streak suggested that non-canonicalFig. 2. In situ hybridization analysis of non-canonical Wnt ligand expression during early chic
view with anterior at the top and transverse sections are oriented with the dorsal surface
continuing through gastrula stages (B–D). Transcripts are localized to the preingression epibl
F) show progressively weaker Wnt11b expression that disappears from the streak by HH11 (G
HH5, transcripts are detected in the paraxial mesoderm adjacent to the anterior primitive st
the region of the newest somite (J–L) and by HH12 is also apparent in the intermediate meso
streak region throughout early development (M–Q). Abbreviations: en, endoderm; ep, epibWnt signaling might play a role in regulating cell movements during
gastrulation in amniotes. To address this possibility, we used elec-
troporation to introduce a number of constructions into the avian
embryo, either to stimulate or inhibit non-canonical Wnt signaling.
Before commencing studies withWnt reagents, we carried out a series
of experiments to characterize the electroporation procedure. In all
cases, constructions were electroporated at the posterior primitive
streak region of HH3d–4 embryos (Fig. 3A). Using GFP as a control,
expression from transfected constructions was ﬁrst detected approxi-
mately 2–3 h after electroporation (Figs. 3B, C). Sectioning of embryos
at the 3 h time point shows that electroporation targets DNA con-
structions speciﬁcally to the epiblast layer of the embryo (Figs. 3C′,
C′′). Quantitation of the distribution of GFP-expressing cells at 3 h
(Fig. 3F) shows that approximately 95% of cells are located in the
epiblast layer and the remaining cells are located in the primitive
streak region. No cells were detected in mesodermal tissue. Seven
hours after transfection, however, a signiﬁcant number of GFP-
expressing cells were located in the mesoderm (Figs. 3D–E′′) and we
conclude that transfected cells have undergone normal gastrulation
movements through the streak and then migrated laterally to
contribute to the mesodermal layer. Since a number of our proposed
experiments required coexpression of proteins from different DNA
constructions, we tested the frequency of coexpression following
electroporation of two plasmids encoding GFP and RFP (Figs. 3G–I).
Quantitation of multiple embryos showed that, on average, 94.2
(±2.4) % of cells coexpressed both constructions (n=24).
We ﬁrst tested whether blocking non-canonical Wnt signaling
downstreamof the ligand-receptor interactionwould affect the abilityofken development. For all panels, whole-mount embryos are photographed in the ventral
upwards. (A–G) Wnt11b is expressed in the primitive streak beginning at HH2 (A) and
ast, primitive streak and emerging mesoderm cells (C′). Later stage embryos (HH6–8; E,
). Expression of the originally described Wnt11 gene is undetectable at HH4 (H), but by
reak (I, I′). At later stages, Wnt11 expression is restricted to the presomitic mesoderm in
derm and the differentiated heart (L). Wnt5a and Wnt5b are expressed in the primitive
last; ms, mesoderm; ps, primitive streak.
Fig. 3. Electroporation of DNA constructions into the epiblast of the avian embryo. (A) Electroporation was carried out at HH3d–4 into the posterior region of the embryo over the
primitive streak. The turquoise circle shows the typical directed area of DNA, and positive and negative electrodes are indicated. (B, C) Embryo visualized 3 h after electroporation
showing GFP ﬂuorescence (B) and GFP protein detected by antibody staining (C). (C′–C′′) Transverse section through GFP-antibody stained embryo (C) showing the presence of GFP-
expressing cells exclusively in the epiblast layer. (D–E′′) Embryo visualized 7 h after electroporation, showing the presence of GFP-expressing cells in the mesoderm lateral to the
streak. (F) Quantitation of GFP-expressing cells 3 h after electroporation indicating that no cells are detected in the mesoderm. (G–I) Transverse sections through embryos
coelectroporated with DNA constructions encoding GFP (G) and RFP (H). Merged image (I) shows that the great majority of cells coexpress both constructions. Arrowheads indicate
individual cells expressing one construction only. Abbreviation: ps, primitive streak.
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mesoderm. We utilized a dominant-negative Dishevelled construction
lacking the PDZ domain (dshΔPDZ—detailed descriptions of all
constructions are included in Materials and methods), and therefore
lacking the capacity to propagate signaling through the non-canonical
pathway but able to function in the canonicalWnt pathway (Rothbacher
et al., 2000;Wallingford et al., 2000). Theprimitive streak regionepiblast
of HH3d–4 quail embryos was coelectroporated with dshΔPDZ and GFP
expression constructions, orwith theGFP expression construction alone,
and embryos were allowed to develop for 7–8 h to HH7–8. The ability of
electroporated cells to enter/exit the primitive streak and contribute toFig. 4. Expression of a Dishevelled mutant incapable of non-canonical Wnt signaling impairs
and visualized under UV light (A), then labeled with an antibody to GFP (B). A representativ
streak (B′). (C–D′) Example of experimental embryo coelectroporated with dshΔPDZ and G
experimental embryos exhibit many fewer positive cells in the mesoderm (D′). (E) Bar graph
mesoderm of control (blue; n=7) and experimental (orange; n=7) embryos, and shows that e
primitive streak (pb0.005), and signiﬁcantly fewer positive cells in the mesoderm (pb0.001mesoderm was then analyzed statistically in transverse sections by
determining the proportion of electroporated cells in the epiblast,
primitive streak or mesoderm. In contrast to GFP control embryos,
dshΔPDZ-expressing cells showed a reduced ability to migrate through
the primitive streak to populate the mesoderm (Figs. 4A-D′). A greater
proportion of dshΔPDZ-expressing cells were observed in the epiblast
and primitive streak compared to GFP controls (55% versus 39%, and 29%
versus 19%, respectively; Fig. 4E). Conversely, many fewer dshΔPDZ-
expressing cells contribute tomesoderm thanGFP control cells (16% and
42%, respectively). The differences observed between dshΔPDZ-expres-
sing and GFP-expressing embryos (more cells in the epiblast and streak,cell migration during gastrulation. (A–B′) Example of a control embryo expressing GFP
e transverse section shows the typical amount of cell migration through the primitive
FP (C), then labeled with an antibody to GFP (D), and cross-sectioned (D′). DshΔPDZ
represents the proportion of positive cells located in the epiblast, primitive streak and
xperimental embryos have signiﬁcantly more positive cells in the epiblast (pb0.05) and
). Abbreviations: ep, epiblast; ps, primitive streak; ms, mesoderm.
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regions assessed (pb0.05). These data indicate that cells unable to signal
through the non-canonical Wnt pathway are impaired in their ability to
migrate through the epiblast and primitive streak and to contribute to
the mesoderm.
Increase or decrease of Wnt11b activity impairs normal cell migration
through the primitive streak
Studies in amphibian embryos have shown that normal gastrula-
tion cell movements only occur when Wnt11 signaling is maintained
within a narrow range. Either blocking or activating Wnt11 signaling
results is a serious disruption of morphogenetic movements (Djiane et
al., 2000; Du et al., 1995; Tada and Smith, 2000). Thus, we reasoned
that closely regulated levels of Wnt11b signaling might also be critical
for normal avian gastrulation. In order to reduce effective levels of
Wnt11b signaling in the avian embryo, we used an expression plasmid
encoding a dominant-negative chicken Wnt11b construction,
dnWnt11b (see Materials and methods for details). This was electro-
porated along with a GFP expression construction into the epiblast ofFig. 5. Inhibition or activation of Wnt11b signaling blocks cell exit from the primitive streak
negative version of Wnt11b (dnWnt11b). Control embryo expressing GFP (A), then labeled w
(C), then labeled with a GFP antibody (D). dnWnt11b-expressing cells have accumulated at
primitive streak show typical cell migration to themesoderm in controls (B′) and the reduced
Bar graph represents the percentage of positive cells located in the epiblast, streak and mes
cells accumulate in the primitive streak of experimental embryos relative to controls (pb
following the overexpression of a full-length Wnt11b construction (wtWnt11b). Example
Experimental embryo coelectroporated with wtWnt11b and GFP (H), then labeled with anti-G
embryos (compare arrowheads in panels K and I). Transverse sections through the primitive s
in experimental embryos (I′). Bar graph (J) represents the proportion of cells located in the ep
n=7), and shows a signiﬁcant increase of positive cells in the primitive streak and a redu
Abbreviations: ep, epiblast; ps, primitive streak; ms, mesoderm.quail embryos at HH3d–4, and the distribution of GFP-positive cells
was analyzed 7–8 h later. Experimental embryos visualized in whole
mount preparation exhibited an accumulation of electroporated cells
at the embryonic midline compared with GFP controls (Figs. 5A–D).
While dnWnt11b-positive cells did not differ from GFP controls in
epiblast distribution (52% versus 48%, respectively; Fig. 5E), signiﬁ-
cantly more dnWnt11b-expressing cells accumulated in the primitive
streak compared with GFP controls (25% versus 10%) and were less
competent to migrate to the mesoderm cell layer (24% versus 44%;
compare Fig. 5D′ with Fig. 5B′). These data indicate that signaling
through Wnt11b is necessary for normal cell migration out of the
primitive streak and into mesoderm.
To test for the effects of increased Wnt11b activity, a full-length
Wnt11b (wtWnt11b) expression construction was coelectroporated
with a GFP construction (or GFP was electroporated alone) into the
embryonic epiblast as previously described. Embryos were allowed to
develop and then analyzed for the distribution of electroporated cells.
By gross examination, wtWnt11b-electroporated embryos, but not
GFP control embryos, displayed an accumulation of cells at the pos-
terior midline (Figs. 5F–I). As observed for dnWnt11b, embryos. (A–E) Cell migration was assessed after blocking Wnt11b signaling with a dominant-
ith a GFP antibody (B). Experimental embryo coelectroporated with dnWnt11b and GFP
the midline (compare arrowheads in panels D and B). Transverse sections through the
cell contribution tomesoderm in dnWnt11b-expressing experimental embryos (D′). (E)
oderm in control (blue; n=5) and dnWnt11b-expressing embryos (red; n=10). Positive
0.05) and less reside in the mesoderm (pb0.005). (F–J) Cell migration was evaluated
of a GFP control embryo imaged by UV (F), then labeled with anti-GFP antibody (G).
FP antibody (I). Positive cells have accumulated at the midline inwtWnt11b-expressing
treak show normal migration in controls (G′) and limited contribution to the mesoderm
iblast, streak and mesoderm in control (blue; n=7) and experimental embryos (purple;
ction of positive cells in the mesoderm in wtWnt11b-expressing embryos (pb0.001).
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in the epiblast as GFP control embryos (46% versus 35%, respectively;
Fig. 5J), but a signiﬁcantly larger proportion of positive cells in the
primitive streak versus GFP controls (19% versus 6%) and proportion-
ally fewer cells in the mesoderm (19% versus 58%; compare Fig. 5I′
with Fig. 5G′). Taken together, these data indicate that Wnt11b
signaling activity must be maintained within a narrow range for
normal cell migration from the primitive streak to the mesoderm
during avian gastrulation.
Recent studies have shown that in some instances Wnt11 can
activate the canonical Wnt pathways through stabilization of β-
catenin (Kofron et al., 2007; Tao et al., 2005). To determine whether
overexpression of wtWnt11b might inﬂuence cell migration through
activation of the canonical Wnt pathway, we electroporated a
construction encoding a stabilized β-catenin protein (ΔN-β-catenin)
into the embryo and then assayed for distribution of expressing cells
exactly as in previous experiments (Figs. 6A–D′). Quantitation of
results shows that stimulation of canonical Wnt signaling had no
effect on cell migration compared to control embryos expressing GFP
alone (Fig. 6E). This result strongly suggests that cell migratory activity
during avian gastrulation is not regulated through the canonical Wnt
pathway. We also considered the possibility that activation or
repression of Wnt signaling pathways might lead to alterations of
cell fate in the embryo, which in turn could result in secondary effects
on cell movements. When assayed with the pan-mesodermal marker,
Brachyury, we found that activation ofWnt signaling usingwtWnt11b,
or inhibition using dnWnt11b, caused no detectable changes in cell
speciﬁcation relative to controls (Figs. 6F–N). This result implies that
the observed inhibition of migration of cells into the mesoderm layerFig. 6. Activation of canonical Wnt signaling does not change cell migration and modulation o
analyzed following activation of canonical Wnt signaling by expression of a stabilized form of
antibody (B). Experimental embryo coexpressing ΔN-β-catenin and GFP (C), then stained u
embryos show no difference in distribution of cells. Bar graph (E) shows no statistical diffe
experimental treatments. (F–N) Modulation of non-canonical Wnt signaling does not alter c
GFP plus wtWnt11b (L-N) show identical patterns of expression of the pan-mesodermal macaused by disruption of non-canonical Wnt signaling (Figs. 4, 5) is
likely to be a direct result of alterations in cell behavior and not an
indirect consequence of changes in cell speciﬁcation.
Signaling through Wnt5a regulates cell migration during avian gastrulation
Expression of Wnt5a and Wnt5b in and around the primitive
streak (Fig. 2M–Q, M′, O′; Chapman et al., 2004) suggests that these
non-canonical Wnt ligands may also function during avian gastrula-
tion. To investigate this possibility, a dominant-negative Wnt5a ex-
pression construction (dnWnt5a) was electroporated into the epiblast
and effects on cell migration assessed as described above. SinceWnt5a
andWnt5b proteins are 80% identical, we reasoned that the dnWnt5a
would competitively inhibit the function of both proteins. In whole
mount analysis, cells electroporated with dnWnt5a accumulated at
the midline relative to cells expressing GFP alone (Figs. 7A–D). Cell
counts conﬁrmed that dnWnt5a-positive cells were preferentially
localized within the primitive streak (21% versus 8% for dnWnt5a and
GFP, respectively; Fig. 7E), while a signiﬁcantly lower percentage of
Wnt5a-expressing cells were observed in the mesoderm compared
with GFP controls (22% versus 40%; compare Fig. 7D′ with Fig. 7B′).
Expression of dnWnt5a did not lead to a statistically signiﬁcant
increase in the percentage of cells in the epiblast (57% versus 52%;
Fig. 7E). Similar to the results obtained following overexpression of
Wnt11b (Figs. 5F–I′), cells overexpressing a wild-type Wnt5a
(wtWnt5a) accumulated at the midline relative to controls (Figs. 7F–
I′). In this case, wtWnt5a-expressing cells were signiﬁcantly more
prevalent in the epiblast (67% versus 52%) and streak (17% versus 7%),
while many fewer expressing cells were present in the mesodermalf non-canonical Wnt signaling does not alter cell speciﬁcation. (A–E) Cell migrationwas
β-catenin (ΔN-β-catenin). Control embryo expressing GFP (A), then stained using a GFP
sing GFP antibody (D). Transverse sections through control (B′) and experimental (D′)
rence in relative cell numbers in epiblast, streak and mesoderm, between control and
ell fate speciﬁcation. Embryos expressing GFP alone (F–H), GFP plus dnWnt11b (I–K) or
rker, Brachyury (BRA), suggesting no change in cell fate speciﬁcation.
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and activation studies that deviation from precisely regulated levels
of Wnt5 activity disrupts normal migration movements during
gastrulation.
Wnt11b and Wnt5 probably function redundantly to regulate cell
migration through the primitive streak
Results so far indicate that signaling via bothWnt11b andWnt5a is
important for cell migration through the primitive streak. We
performed an experiment to investigate whether Wnt11b and Wnt5a
signal cooperatively or redundantly to regulate cell migration. Embryos
were electroporated with either dnWnt11b alone, or with both
dnWnt11b and dnWnt5a. The amounts of dnWnt5a and dnWnt11b
plasmid in the coexpression experiment were halved (1.5μg/μl each) in
order to keep the total amount of dominant-negative plasmid
equivalent to dnWnt11b alone (3μg/μl). As expected, embryos coex-
pressing dnWnt11b and dnWnt5a displayed midline accumulation of
cells (Fig. 8A–D′), signiﬁcantly higher percentage of electroporated cells
in the primitive streak region compared with GFP controls (29% versus
10%) and signiﬁcantly fewer electroporated cells in themesoderm than
GFP controls (26% versus 43%; Fig. 8E). However, when compared toFig. 7. Inhibition or activation of Wnt5-signaling limits cell migration through the primitive
version of Wnt5a (dnWnt5a) to inhibit Wnt5-signaling. Control embryo expressing GFP (A),
and GFP (C), then labeled with an antibody to GFP (D). Positive cells are amassed at the embry
sections indicate normal cell migration patterns in controls (B′) and limited positive cell con
relative cell numbers observed in epiblast, streak andmesoderm for control (blue; n=8) and
in the streak and fewer cells in the mesoderm in dnWnt5a experimental embryos (pb0.001)
construction (wtWnt5a). Control embryo expressing GFP (F), then labeled with an antibod
labeled with anti-GFP antibody (I). Positive cell accumulation at the midline is apparent in
indicate that compared to typical migration patterns in controls (G′), wtWnt5a-positive cells
positive cells in the epiblast, streak and mesoderm for controls (blue; n=7) and wtWnt5a (gr
in the epiblast and primitive streak, and fewer cells in the mesoderm (pb0.001). Abbreviatembryos electroporated with dnWnt11b alone, the results showed
almost no difference between the experimental treatments (Fig. 8E). A
slight but statistically signiﬁcant increase was observed in the
percentage of cells retained in the primitive streak in dnWnt11b plus
dnWnt5a embryos versus dnWnt11b alone (29% versus 25%; pb0.05;
Fig. 8E), indicating a slight additive inhibition of cell migration.
However, cell numbers in the mesoderm did not differ between the
two treatments (26% versus 24%). These results provide little evidence
to suggest that Wnt11b and Wnt5a/b are activating different signaling
pathways in order to regulate gastrulation movements and instead
suggest that their activities are largely redundant. Although the
activities of the different ligands appear to be equivalent, it is likely
that their expression levels are carefully controlled to maintain a
precise level of non-canonical Wnt signaling activity required for
regulated migration of gastrulating cells.
Discussion
Expression of Wnt signaling components during avian gastrulation
We have identiﬁed and characterizedWnt11b, a novel Wnt11 gene
in chicken. While the Wnt11 genes in Xenopus and zebraﬁsh arestreak. (A–E) Cell migration was analyzed following expression of a dominant-negative
then labeled with an antibody to GFP (B). Experimental embryo coexpressing dnWnt5a
onic midline in dnWnt5a embryos (compare arrowheads in panels D and B). Transverse
tribution to the mesoderm in dnWnt5a-expressing embryos (D′). Bar graph (E) shows
dnWnt5a (turquoise; n=14) embryos, and demonstrates signiﬁcantly more positive cells
. (F–J) Cell distribution was assayed following the overexpression of a full-length Wnt5a
y to GFP (G). Experimental embryo coelectroporated with wtWnt5a and GFP (H), then
experimental embryos (compare arrowheads in panels G and I). Transverse sections
contribute less to the mesoderm (I′). This is represented graphically (J) as percentage of
ey; n=9). Experimental embryos expressing wtWnt5a exhibited signiﬁcantly more cells
ions: ep, epiblast; ps, primitive streak; ms, mesoderm.
Fig. 8. Coexpression of dnWnt11b and dnWnt5a suggests redundant activity in regulating cell exit from the primitive streak. (A–D′) Embryos were electroporated either with GFP
alone (A) or with dnWnt11b plus dnWnt5a and GFP (dnWnt11b+5a; C), then labeled with an antibody to GFP (B, D). Constructions encoding dnWnt11b and dnWnt5a were used at
half the concentration typically used for single constructions (1.5µg/µl each versus 3µg/µl), so total DNA was consistent between experiments. Embryos expressing dnWnt11b+5a
exhibited an accumulation of positive cells at the embryonic midline (compare arrowheads in panels D and B). Transverse sections show an abundance of positive cells in the
mesoderm in controls (B′), but a limited number of positive mesoderm cells in experimental embryos (D′). Panel E shows the proportion of positive cells in the epiblast, streak and
mesoderm in controls (blue; n=5), dnWnt11b+5a (yellow; n=10) and dnWnt11b (red; n=10) and highlights a signiﬁcant increase of positive cells in the primitive streak (pb0.001)
and a signiﬁcant decrease in the mesoderm (pb0.05) in dnWnt11b+5a embryos compared with controls, consistent with single dominant-negative experiments (red bars, E; Figs. 4E
and 5E). Direct comparison between dnWnt11b+5a (yellow; n=10) and dnWnt11b (red; n=10) shows a signiﬁcant increase in cells in the primitive streak of dnWnt11b+5a embryos
(~20% more; pb0.05) but no difference in the mesoderm. Abbreviations: ep, epiblast; ps, primitive streak; ms, mesoderm.
399K.M. Hardy et al. / Developmental Biology 320 (2008) 391−401expressed in involuting cells during gastrulation, the genes designated
Wnt11 in chicken and mouse are not expressed during gastrulation
(Fig. 2; Christiansen et al., 1995; Eisenberg et al., 1997). Rather, se-
quence conservation, synteny and expression patterns indicate that
the genes designatedWnt11 in chicken andmouse are orthologs of the
Xenopus and zebraﬁsh Wnt11-Related genes (Wnt11-R and Wnt11-r,
respectively; Garriock et al., 2005;Matsui et al, 2005). ChickenWnt11b
is expressed in preingressing epiblast, primitive streak and emerging
mesoderm cells during gastrulation in a pattern analogous toWnt11 at
the Xenopus blastopore (Ku and Melton, 1993). Genomic analysis
suggests that chicken Wnt11 and Wnt11b arose through an ancient
duplication event, and that theWnt11b ortholog was lost in mammals
(Garriock et al., 2007). This nomenclature confusion has implications
for studies that have attempted to compare functions of Wnt11 genes
across model organism species. For example, experiments in Xenopus
and chicken embryos have suggested that Wnt11 signaling regulates
early stages of cardiac myogenesis (Eisenberg and Eisenberg, 1999;
Eisenberg et al., 1997; Eisenberg and Eisenberg, 2006; Pandur et al.,
2002). With the characterization of chicken Wnt11b as the true
orthologue of XenopusWnt11, it is nowclear that these studies actually
focused on different Wnt11 genes with temporally distinct and non-
overlapping expression patterns.
Although recent studies have shed light on the role ofWnt signaling
during primitive streak formation (Chuai et al., 2006; Voiculescu et al.,
2007), a potential function for Wnt signaling in regulating subsequent
cell movements through the streak and laterally into the mesoderm
layer has not previously been addressed. Numerous Wnt ligands are
expressed in the primitive streak, including Wnts 3, 3a, 5a, 5b and 8c
(8a), and nowWnt11b. SeveralWnt receptors are also expressed in the
streak region, with Fz7 and Fz10 detected at particularly high levels
(Chapman et al., 2004). Of the Wnt ligands detected in the avian
primitive streak region, only Wnts 5a, 5b and 11b are known to signal
through the non-canonical Wnt pathway and the expression of all
three of these ligands at gastrula stages suggests a role for non-
canonical Wnt signaling in avian gastrulation.
Non-canonical Wnt signaling in avian gastrulation
Non-canonicalWnt signaling via the PCP or Ca2+ mediated pathways
has been implicated in regulating embryonic morphogenesis in anumber of systems, typically by controlling cell migration and behavior
(Kühl, 2002; Kühl et al., 2000; Miller, 2002). In frog and ﬁsh, non-
canonical Wnt signaling, activated by Wnt11 and Wnt5a ligands,
regulates convergent extension cell movements (Moon et al., 1993;
Smith et al., 2000; Tada and Smith, 2000; Ulrich et al., 2003;Wallingford
et al., 2001). In this study, we investigated whether non-canonical Wnt
signaling is also involved in cell migration during avian gastrulation by
expressing a dominant-negative Dishevelled mutant (dshΔPDZ) that
cannot participate in non-canonical Wnt signaling but retains canonical
activity (Kim and Han, 2005; Rothbacher et al., 2000; Wallingford et al.,
2000). Results clearly show that blocking non-canonical Wnt signaling
in dshΔPDZ-electroporated cells in avian embryos causes impairment of
migration through the primitive streak and results in a lower con-
tribution of positive cells to the mesoderm. However, even cell-
autonomous blocking of non-canonical Wnt signaling using this
construction still allowed some electroporated cells to migrate into
the mesoderm, and there are a number of possible explanations for this
observation. First, temporal studies have shown that detectable
transgene expression can normally be observed about 3 h following
electroporation (Figs. 3B–C′′). Since electroporation targets a region of
the epiblast that includes cells immediately above the streak, it is likely
that some cells migrated into the primitive streak and possibly as far as
the mesoderm before transgene expression levels were high enough to
block signaling. Second, it is conceivable that some cells were not
expressing sufﬁcient levels of dshΔPDZ to completely block signaling.
Finally, although coelectroporation studies using RFP and GFP construc-
tions showed that greater than 90% of cells consistently express both
markers (Figs. 3G–I), it is highly likely that a proportion of the GFP-
expressing cells observed in the mesoderm were not expressing the
dshΔPDZ construction. Consistent with this idea, a similar fraction of
electroporated cells was observed in the mesoderm region in all
experiments regardless of the non-canonical pathway construction
utilized.
Both inhibition of Wnt5a or Wnt11b signaling using dominant-
negative constructions and increased expression of Wnt5a or Wnt11b
reduced cell migration from the primitive streak to the mesoderm
(Figs. 5, 7, 8). These results are reminiscent of previous studies in
Xenopus, which also reported that either increasing or reducing
overall non-canonical Wnt signaling inhibited cell migration during
gastrulation (Moon et al., 1993; Smith et al., 2000; Tada and Smith,
400 K.M. Hardy et al. / Developmental Biology 320 (2008) 391−4012000; Ulrich et al., 2003; Wallingford et al., 2001). Control studies
suggest that the canonical Wnt pathway acting through β-catenin is
unlikely to play a role in regulating migration of gastrulating cells in
the avian embryo (Figs. 6A–E) and that alterations in non-canonical
Wnt signaling are unlikely to lead to alterations in cell speciﬁcation
(Figs. 6F–N). The observation that Wnt5a/b and Wnt11b possess
largely redundant activities in regulation of cell migration may be
attributable to the speciﬁc Wnt receptor proteins expressed in the
streak region. At present, the speciﬁcity of Wnt-Fz interactions is
rather uncertain (Kikuchi et al., 2007). However, both Wnt5a and
Wnt11 are capable of binding to Fz5 and Fz7, and probably other Fz
family members (Blumenthal et al., 2006; Cavodeassi et al., 2005;
Djiane et al., 2000; Penzo-Mendez et al., 2003; Umbhauer et al., 2000).
It is also possible that Wnt5a/b and Wnt11b interact with additional
non-Frizzled receptors expressed in the streak. For example, the
alternative Wnt5a and Wnt11 receptor, Ror2, facilitates signaling
through the non-canonical pathway and is expressed in the primitive
streak of the mouse embryo (Hikasa et al., 2002; Oishi et al., 2003;
Wang et al., 2006), though early expression of Ror2 has not been
analyzed in chick embryos. Overall, rather than indicating an essential
role for individual Wnt ligands, our results suggest that a precisely
regulated level of non-canonical Wnt signaling, mediated through
Wnt11b and Wnt5a/b, is required for normal cell migration during
avian gastrulation.
Non-canonical signaling in mammalian gastrulation
While the gene orthologous to Xenopus Wnt11 and chicken
Wnt11b is not present in mammalian genomes, Wnt5a and Wnt5b
are both expressed in the primitive streaks of mice (Yamaguchi et al.,
1999; O Cleaver, personal communication). Evidence to date, however,
suggests that non-canonical Wnt signaling may play a reduced role in
regulating cell migration during mammalian gastrulation. For
instance, mice with a deﬁciency in the alternative non-canonical
Wnt receptor Ror2 do not exhibit gastrulation defects (Takeuchi et al.,
2000) and mutations in the Wnt/PCP pathway member Van Gogh 2/
Strabismus cause severe neural tube closure defects attributed to
defective neural convergent extension but not defects in gastrulation
(Kibar et al., 2001). Mouse embryos deﬁcient in two of the three
Dishevelled genes (Dvl1 and Dvl2) exhibit only minor differences in
node and primitive streak development (Hamblet et al., 2002; Wang
et al., 2006). While it is possible that the ubiquitously expressed Dv13
compensates for the loss of Dvl1 and Dvl2, mice expressing a
dominant-negative Dishevelled construction that blocks non-canoni-
cal Wnt signaling on a Dvl1−/−;Dvl2−/− background fail to show
gastrulation defects (Wang et al., 2006). Finally, mice null for the
Wnt5a gene show normal gastrulation movements (Yamaguchi et al.,
1999), although a Wnt5a/Wnt5b double knockout has not been
reported. Despite the strong conservation of many aspects of
gastrulation across amniotes, alternative pathways may regulate cell
migration during gastrulation in mammals.Acknowledgments
We thank W. Daniel Stamer (University of Arizona) for supplying
the GFP antibody, Susan Chapman (Clemson University) for provid-
ing the Wnt5a and Wnt5b cDNAs, Scott Fraser (California Institute of
Technology) for providing XdshΔPDZ, Gary Schoenwolf (University
of Utah) for the pBE vector, Raymond Runyan (University of Arizona)
for the Brachyury plasmid, Frank McCormick (University of
California San Francisco) for ΔN-β-catenin and Stuart Wilson
(University of Shefﬁeld, U.K.) for pCAGGSRFP. This work was
supported by NIH grants to PAK (HL74184) and PBA (HD044767).
KMH is supported by an American Heart Association Predoctoral
Fellowship.References
Antin, P.B., et al., 2002. Precocious expression of cardiac troponin T during early avian
embryogenesis. Dev. Dyn. 225, 135–141.
Bell, G.W., et al., 2004. GEISHA, A whole-mount in situ hybridization gene expression
screen in chicken embryos. Dev. Dyn. 229, 677–687.
Blumenthal, A., et al., 2006. The Wingless homolog WNT5A and its receptor Frizzled-5
regulate inﬂammatory responses of human mononuclear cells induced by
microbial stimulation. Blood 108, 965–973.
Cavodeassi, F., et al., 2005. Early stages of zebraﬁsh eye formation require the
coordinated activity of Wnt11, Fz5, and the Wnt/beta-catenin pathway. Neuron 47,
43–56.
Chapman, S.C., et al., 2004. Expression analysis of chick Wnt and frizzled genes and
selected inhibitors in early chick patterning. Dev. Dyn. 229, 668–676.
Christiansen, J.H., et al., 1995. MurineWnt-11 andWnt-12 have temporally and spatially
restricted expression patterns during embryonic development. Mech. Dev. 51,
341–350.
Chuai, M., et al., 2006. Cell movement during chick primitive streak formation. Dev. Biol.
296, 137–149.
Ciruna, B., Rossant, J., 2001. FGF signaling regulates mesoderm cell fate speciﬁcation and
morphogenetic movement at the primitive streak. Dev. Cell 1, 37–49.
Colas, J.F., Schoenwolf, G.C., 2003. Assessing the contributionsof geneproducts to the form-
shaping events of neurulation: a transgenic approach in chick. Genesis 37, 64–75.
Das, R.M., et al., 2006. A robust system for RNA interference in the chicken using a
modiﬁed microRNA operon. Dev. Biol. 294, 554–563.
Djiane, A., et al., 2000. Role of frizzled 7 in the regulation of convergent extension
movements during gastrulation in Xenopus laevis. Development 127, 3091–3100.
Du, S.J., et al., 1995. Identiﬁcation of distinct classes and functional domains of Wnts
through expression of wild-type and chimeric proteins in Xenopus embryos. Mol.
Cell Biol. 15, 2625–2634.
Eisenberg, C.A., Eisenberg, L.M., 1999. Wnt11 promotes cardiac tissue formation of early
mesoderm. Dev. Dyn. 216, 45–58.
Eisenberg, C.A., et al., 1997.Wnt-11 is expressed in early avianmesoderm and is required
for differentiation of the quail mesoderm cell line QCE-6. Development 124,
525–536.
Eisenberg, L.M., Eisenberg, C.A., 2006. Wnt signal transduction and the formation of the
myocardium. Dev. Biol. 293, 305–315.
Fuse, T., et al., 2004. Conditional activation of RhoA suppresses the epithelial to
mesenchymal transition at the primitive streak during mouse gastrulation.
Biochem. Biophys. Res. Commun. 318, 665–672.
Garriock, R.J., et al., 2005. Wnt11-R, a protein closely related to mammalian Wnt11, is
required for heart morphogenesis in Xenopus. Dev. Biol. 279, 179–192.
Garriock, R.J., et al., 2007. Census of vertebrate Wnt genes: isolation and developmental
expression of XenopusWnt2, Wnt3, Wnt9a, Wnt9b, Wnt10a, and Wnt16. Dev. Dyn.
236, 1249–1258.
Hamblet, N.S., et al., 2002. Dishevelled 2 is essential for cardiac outﬂow tract development,
somite segmentation and neural tube closure. Development 129, 5827–5838.
Hamburger, V., Hamilton, H.L., 1951. A series of normal stages in the development of the
chick embryo. J. Morphol. 88, 49–92.
Hatada, Y., Stern, C., 1994. A fate map of the epiblast of the early chick embryo.
Development 120, 2879–2889.
Hedges, S.B., Kumar, S., 2002. Genomics. Vertebrate genomes compared. Science 297,
1283–1285.
Heisenberg, C.P., et al., 2000. Silberblick/Wnt11 mediates convergent extension
movements during zebraﬁsh gastrulation. Nature 405, 76–81.
Hikasa, H., et al., 2002. The Xenopus receptor tyrosine kinase Xror2 modulates
morphogenetic movements of the axial mesoderm and neuroectoderm via Wnt
signaling. Development 129, 5227–5239.
Hoppler, S., et al., 1996. Expression of a dominant-negative Wnt blocks induction of
MyoD in Xenopus embryos. Genes. Dev. 10, 2805–2817.
Keller, R., et al., 2000. Mechanisms of convergence and extension by cell intercalation.
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 355, 897–922.
Kibar, Z., et al., 2001. Ltap, a mammalian homolog of Drosophila Strabismus/Van Gogh, is
altered in the mouse neural tube mutant Loop-tail. Nat. Genet. 28, 251–255.
Kikuchi, A., et al., 2007. Multiplicity of the interactions of Wnt proteins and their
receptors. Cell Signal 19, 659–671.
Kilian, B., et al., 2003. The role of Ppt/Wnt5 in regulating cell shape and movement
during zebraﬁsh gastrulation. Mech. Dev. 120, 467–476.
Kim, G.H., Han, J.K., 2005. JNK and ROKalpha function in the noncanonical Wnt/RhoA
signaling pathway to regulate Xenopus convergent extensionmovements. Dev. Dyn.
232, 958–968.
Kimura, W., et al., 2006. Fate and plasticity of the endoderm in the early chick embryo.
Dev. Biol. 289, 283–295.
Kispert, A., et al., 1996. Proteoglycans are required for maintenance of Wnt-11
expression in the ureter tips. Development 122, 3627–3637.
Kofron, M., et al., 2007. Wnt11/beta-catenin signaling in both oocytes and early embryos
acts through LRP6-mediated regulation of axin. Development 134, 503–513.
Ku, M., Melton, D.A., 1993. Xwnt-11: a maternally expressed Xenopus wnt gene.
Development 119, 1161–1173.
Kühl, M., 2002. Non-canonical Wnt signaling in Xenopus: regulation of axis formation
and gastrulation. Seminars in Cell. Dev. Biol. 13, 243–249.
Kühl, M., et al., 2000. TheWnt/Ca2+ pathway: a new vertebrate signaling pathway takes
shape. Trends. Genet. 16, 279–282.
Lawson, A., Schoenwolf, G.C., 2001. Cell populations and morphogenetic movements
underlying formation of the avian primitive streak and organizer. Genesis 29,
188–195.
401K.M. Hardy et al. / Developmental Biology 320 (2008) 391−401Lawson, A., Schoenwolf, G.C., 2003. Epiblast and primitive-streak origins of the
endoderm in the gastrulating chick embryo. Development 130, 3491–3501.
Liu, P., et al., 1999. Requirement for Wnt3 in vertebrate axis formation. Nat. Genet. 22,
361–365.
Makita, R., et al., 1998. Zebraﬁsh wnt11: pattern and regulation of the expression by the
yolk cell and No tail activity. Mech. Dev. 71, 165–176.
Matsui, T., et al., 2005. Noncanonical Wnt signaling regulates midline convergence of
organ primordia during zebraﬁsh development. Genes. Dev. 19, 164–175.
Miller, J.R., 2002. The Wnts. Genome. Biol. 3, Reviews 3001.1–3001.15.
Moon, R.T., et al., 1993. Xwnt-5A: a maternal Wnt that affects morphogenetic
movements after overexpression in embryos of Xenopus laevis. Development 119,
97–111.
New, D.A.T., 1955. A new technique for the cultivation of the chick embryo in vitro. J.
Embryol. Exptl. Morphol. 3, 326–331.
Nieto, M.A., et al., 1996. In situ hybridization analysis of chick embryos in whole mount
and tissue sections. Methods in Cell Biology, Vol. 51. Academic Press, Inc., New York.
Oishi, I., et al., 2003. The receptor tyrosine kinase Ror2 is involved in non-canonical
Wnt5a/JNK signalling pathway. Genes Cells 8, 645–654.
Pandur, P., et al., 2002. Wnt-11 activation of a non-canonical Wnt signaling pathway is
required for cardiogenesis. Nature 418, 636–641.
Penzo-Mendez, A., et al., 2003. Activation of Gbetagamma signaling downstream of
Wnt-11/Xfz7 regulates Cdc42 activity during Xenopus gastrulation. Dev. Biol. 257,
302–314.
Rauch, G.J., et al., 1997. Wnt5 is required for tail formation in the zebraﬁsh embryo. Cold
Spring Harb. Symp. Quant. Biol. 62, 227–234.
Rosenquist, G.C., 1966. A radioautographic study of labeled grafts in the chick
blastoderm. Development of primitive-streak stages to stage 12. Carnegie Contrib.
Embryol. 38, 71–110.
Rothbacher, U., et al., 2000. Dishevelled phosphorylation, subcellular localization and
multimerization regulate its role in early embryogenesis. Embo. J. 19, 1010–1022.
Saxton, T.M., Pawson, T., 1999. Morphogenetic movements at gastrulation require the
SH2 tyrosine phosphatase Shp2. Proc. Natl. Acad. Sci. U. S. A. 96, 3790–3795.
Schoenwolf, G.C., et al., 1992. Mesoderm movement and fate during avian gastrulation
and neurulation. Dev. Dynamics. 193, 235–248.
Skromne, I., Stern, C.D., 2001. Interactions between Wnt and Vg1 signalling pathways
initiate primitive streak formation in the chick embryo. Development 128,
2915–2927.Smith, J.C., et al., 2000. Xwnt11 and the regulation of gastrulation in Xenopus. Philos.
Trans. R. Soc. Lond. B. Biol. Sci. 355, 923–930.
Sokol, S.Y., 1996. Analysis of Dishevelled signalling pathways during Xenopus
development. Curr. Biol. 6, 1456–1467.
Stern, C.D., 2004. Gastrulation in the Chick. Gastrulation: From Cells to Embryos. Cold
Spring Harbor Press, Cold Spring Harbor, pp. 219–232.
Sun, X., et al., 1999. Targeted disruption of Fgf8 causes failure of cell migration in the
gastrulating mouse embryo. Genes Dev. 13, 1834–1846.
Tada, M., Smith, J.C., 2000. Xwnt11 is a target of Xenopus Brachyury: regulation of
gastrulation movements via Dishevelled, but not through the canonical Wnt
pathway. Development 127, 2227–2238.
Takeuchi, S., et al., 2000. Mouse Ror2 receptor tyrosine kinase is required for the heart
development and limb formation. Genes Cells 5, 71–78.
Tao, Q., et al., 2005. Maternal wnt11 activates the canonical wnt signaling pathway
required for axis formation in Xenopus embryos. Cell 120, 857–871.
Tetsu, O., McCormick, F., 1999. Beta-catenin regulates expression of cyclin D1 in colon
carcinoma cells. Nature 398, 422–426.
Ulrich, F., et al., 2003. Slb/Wnt11 controls hypoblast cell migration and morphogenesis
at the onset of zebraﬁsh gastrulation. Development 130, 5375–5384.
Umbhauer, M., et al., 2000. The C-terminal cytoplasmic Lys-thr-X-X-X-Trp motif
in frizzled receptors mediates Wnt/beta-catenin signalling. Embo. J. 19,
4944–4954.
Voiculescu, O., et al., 2007. The amniote primitive streak is deﬁned by epithelial cell
intercalation before gastrulation. Nature 449, 1049–1052.
Wallingford, J.B., Harland, R.M., 2001. Xenopus Dishevelled signaling regulates both
neural and mesodermal convergent extension: parallel forces elongating the body
axis. Development 128, 2581–2592.
Wallingford, J.B., et al., 2000. Dishevelled controls cell polarity during Xenopus
gastrulation. Nature 405, 81–85.
Wallingford, J.B., et al., 2001. Regulation of convergent extension in Xenopus by Wnt5a
and Frizzled-8 is independent of the canonical Wnt pathway. Int. J. Dev. Biol. 45,
225–227.
Wang, J., et al., 2006. Dishevelled genes mediate a conserved mammalian PCP
pathway to regulate convergent extension during neurulation. Development 133,
1767–1778.
Yamaguchi, T.P., et al., 1999. A Wnt5a pathway underlies outgrowth of multiple
structures in the vertebrate embryo. Development 126, 1211–1223.
